Current guidelines recommend to withdraw mineralocorticoid receptor (MR) blocker treatment for at least 4 weeks when measuring the aldosterone to renin ratio (ARR) as a screening test for primary aldosteronism (PA). We aimed to evaluate the effect of MR blocker treatment on ARR and its components, plasma aldosterone concentration (PAC), and direct renin concentration (DRC). First, we performed a post-hoc analysis of the effect of eplerenone on parathyroid hormone levels in primary hyperparathyroidism (EPATH) study, a randomized controlled trial (RCT) in 110 patients with primary hyperparathyroidism (pHPT). Patients were 1:1 randomly assigned to receive either 25 mg eplerenone once daily (up-titration after 4 weeks to 50 mg/day) or placebo for 8 weeks. Second, we measured the ARR in 4 PA patients from the Graz Endocrine Causes of Hypertension Study (GECOH) before and after MR blocker treatment. Ninety-seven participants completed the EPATH trial, and the mean treatment effect (95 % confidence interval) for log(e)ARR was 0.08 (-0.32 to 0.48) ng/dl/μU/ml (p = 0.694). The treatment effect was 0.71 (0.47 to 0.96; p < 0.001) ng/dl for log(e)PAC and 0.64 (0.19 to 1.10; p = 0.006) μU/ml for log(e) DRC, respectively. In the 4 PA patients, the ARR decreased from 11.24 ± 3.58 at baseline to 2.70 ± 1.03 (p = 0.013) ng/dl/μU/ml after MR blocker treatment. In this study with limited sample size, MR blocker treatment did not significantly alter the ARR in pHPT patients but significantly reduced the ARR in PA patients. Diagnostic utility of ARR and its components for PA diagnostics under MR blocker treatment warrants further study.
Introduction
Primary aldosteronism (PA) is characterized by aldosterone levels that are inappropriately high with regard to major regulators of aldosterone such as angiotensin II, renin or sodium status [1, 2] . Detection of PA is of clinical importance because patients with PA are at higher risk of cardiovascular morbidity and mortality when compared to age-, sex-, and blood pressure (BP)-matched patients with essential hypertension [1] [2] [3] [4] [5] [6] . The aldosterone to renin ratio (ARR) is the recommended screening test for PA as it reflects the degree of aldosterone production that is autonomous with regard to its principle trophin renin [1, 2] .
Measurement and interpretation of the ARR is challenging due to various factors that impact on aldosterone and renin levels [1, 2, [7] [8] [9] [10] [11] . A key issue is that several, in particular antihypertensive, drugs interfere with the renin angiotensin aldosterone system [1, 2, 8, 12, 13] . Therefore, the Endocrine Society Clinical Practice Guideline for the management of PA: case detection, diagnosis, and treatment recommends that "mineralocorticoid receptor (MR) antagonists should be withdrawn at least 4 weeks before ARR testing" [1] . While this is the most important recommendation regarding medication use when measuring the ARR, the data on the impact of MR antagonists (e. g., spironolactone and eplerenone) on the ARR and its components plasma aldosterone concentration (PAC) and direct renin concentration (DRC) is sparse [1, 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Observational studies and pathophysiological considerations suggest that MR blockers and other potassium sparing diuretics (i. e., amiloride and triamterene) may lead to false negative ARR results as they induce volume contraction and sympathetic nervous stimulation leading to higher DRC and thus lower ARR [18, 19] . No previous RCT has specifically addressed the effect of eplerenone or spironolactone on the ARR.
Therefore, we aimed to evaluate the effect of MR blocker treatment on ARR and its components, PAC and DRC. First, we performed a post-hoc analysis of the effect of eplerenone on parathyroid hormone levels in primary hyperparathyroidism (EPATH) trial, a randomized controlled trial (RCT) in patients with primary hyperparathyroidism (pHPT) [24, 25] . Second, we investigated PA patients from the Graz Endocrine Causes of Hypertension Study (GECOH) before and after MR blocker treatment [8, 26, 27] .
Subjects and Methods

EPATH study design
The EPATH trial is a single-center, randomized, double-blind, parallel-group, placebo controlled trial conducted at the Medical University of Graz, Austria, from December 2012 to February 2015 [24, 25] . In brief, 110 pHPT patients were 1:1 randomly assigned to receive either 25 mg eplerenone once daily (up-titration after 4 weeks to 50 mg/day) or placebo for 8 weeks [24, 25] . The study protocol and the first original publication showing no significant effect of eplerenone on the primary outcome parameter, parathyroid hormone (PTH) levels, have been published elsewhere [24, 25] . The current report of the EPATH trial is a post-hoc investigation on the effect of eplerenone on the non pre-specified outcome parameter ARR, and its components PAC and DRC. The publication of this trial adheres to the CONSORT (Consolidated Standards of Reporting Trials) 2010 statement [25, 28] . The trial is registered at https://www.isrctn. com/ (ISRCTN33941607) and at https://www.clinicaltrialsregister. eu (EudraCT number: 2011-005683-21). Ethical approval was obtained by the Ethics Committee of the Medical University of Graz, Austria, and all study participants gave written informed consent.
EPATH participants
Eligible study participants were adults aged 18 years or older with pHPT, a disease characterized by excessive PTH secretion that is inappropriate with regard to the prevailing serum calcium level. pHPT is of interest for the renin angiotensin aldosterone system because MR treatment may impact on PTH levels and vice versa, as MR is expressed in the parathyroid gland and PTH receptors in the adrenal gland [29] . Further main inclusion criteria were 25(OH)D levels above 50 nmol/l (20 ng/ml), estimated glomerular filtration rate (eGFR) (according to the CKD-EPI formula) of more than 50 ml/min, and plasma potassium of 5.0 mmol/l or less at baseline. Participants were recruited from the outpatient clinics at the Department of Cardiology and the Department of Internal Medicine, Division of Endocrinology and Metabolism, Medical University of Graz, Austria.
EPATH measurements
Details on baseline and follow-up measurements in the EPATH trial have been published elsewhere [24, 25] . PAC and DRC were determined from EDTA plasma samples that had been stored at -80 °C until analysis. PAC and DRC were measured by use of the Immunodiagnostics System (IDS)-iSYS Multi-Discipline Automated System (IDS plc, Boldon, UK) [24] . PAC was determined by the IDS-iSYS aldosterone Immunochemiluminometric assay (ICMA), with an inter-assay coefficient of variation (CV) of 3.83 to 9.71 %, and a limit of detection (LoD) of 3.7 ng/dl (102.5 pmol/l) [30, 31] . PAC levels below the LoD were set at 3.6 ng/dl. DRC was measured by means of a IDS-iSYS Direct Renin ICMA, with an inter-assay CV of 4.9 to 8.4 % and a LoD of 1.8 μU/ml. DRC levels below the LoD were set at 1.7 μU/ml.
GECOH study
The GECOH study is an ongoing diagnostic accuracy study of the ARR in screening for PA. Details on the study protocol and methods have been published previously [8, 26, 27] . In brief, we included adult hypertensive patients who were routinely referred to our outpatient clinic for screening for endocrine hypertension. Drugs that significantly interfere with the renin angiotensin aldosterone system (i. e., spironolactone, canrenoate, eplerenone, amiloride, triamteren, and/or aliskiren) had to be withdrawn at least 4 weeks before study entry. At the first study visit we performed an extensive baseline examination including the measurement of the ARR in the sitting position. The second study visit was performed 2 to 6 weeks later and included a saline infusion test (SIT) in all participants. PA was diagnosed in patients with an ARR of 3.7 ng/dl/μU/ ml or greater in the sitting position and a PAC of 10 ng/dl or greater after the SIT. The present investigation is restricted to PA patients with bilateral idiopathic hyperaldosteronism who had available ARR levels at the first study visit and ARR levels under ongoing MR blocker therapy. There were no such data available in patients with aldosterone producing adenomas. PAC was measured by RIA (active aldosterone RIA DSL-8600; Diagnostic Systems Laboratories, Inc., Webster, TX, USA) with an intra-and interassay CV of 3.3-4.5 and 5.9-9.8 %, respectively. Plasma DRC concentrations were also determined by RIA (renin immunoradiometric assay RIA 4541; DRG Instruments GmbH, Marburg, Germany) with an intra-and interassay CV of 0.6-4.5 and 2.7-14.5 %, respectively.
Statistical Analysis
Continuous data following a normal distribution are shown as means with standard deviation and variables with a skewed distribution are shown as medians with interquartile range. Categorical data are presented as percentages. Skewed variables were log(e) transformed before use in parametric statistical analyses.
In the EPATH trial, group comparisons at baseline were performed by unpaired student's t-test, Mann-Whitney U-test, Chi Square test, or Fishers's exact test, as appropriate. Analyses of Covariance (ANCOVA) with adjustments for baseline values were used to test for differences in the outcome variables (i. e., ARR, PAC and DRC) between the eplerenone and the placebo group at the follow-up visit [32] .
In the GECOH study, descriptive statistics and paired student's t-test was used to test for within group changes in the outcome variables before (visit 1) and after initiating MR blocker treatment.
A p-value below 0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 23.0 software (SPSS, Chicago, IL, USA).
Results
Baseline characteristics of the EPATH study cohort are shown in ▶ Table 1 . Apart from a significantly lower office diastolic blood pressure in the placebo compared to the eplerenone group, there was no other significant group difference at baseline. Eplerenone treatment was associated with a significant increase in PAC and DRC, but there was no significant effect on the ARR with a mean treatment effect of log(e) transformed values of 0.08 (95 % confidence interval: -0.32 to 0.48) ng/dl/μU/ml (▶ Table 2 ). In a subgroup analysis of participants without intake of angiotensin converting enzyme-inhibitors, angiotensin II receptor blockers, beta-blockers, thiazide diuretics and nonsteroidal anti-inflammatory drugs (n = 32; placebo group = 15, eplerenone group = 17), there was also no significant treatment effect of eplerenone on the ARR [treatment effect (with 95 % CI) for log(e) transformed values: 0.07 (-0.38 to 0.52) ng/dl/μU/ml; p = 0 . 7 6 6 ] .
T h e 4 patients with PA in the GECOH study (mean ± SD; age: 53.8 ± 7.6 years; BMI: 33.1 ± 9.6 kg/m²; serum potassium: 3.27 ± 0.33 mmol/l; 75 % males) all suffered from bilateral adrenal diseases as evidenced by adrenal venous sampling (AVS). Of these, 3 were treated by spironolactone (50 to 100 mg daily) and 1 by eplerenone (50 mg daily) for a mean ( ± SD) time of 0.94 ± 0.79 years. Notably, two PA patients have withdrawn beta-blockers between baseline and follow-up measurements. Comparing baseline values with values after MR blocker treatment, there was a significant decrease in the ARR (▶Table 3). This effect was due to an on average approximately 7 fold increase in DRC, whereas PAC increased on average less than 2-fold (▶Table 3).
Regarding comparisons of the MR blocker intervention in the EPATH and the GECOH study we observed that no EPATH partici-pant randomized to eplerenone showed a decline of the ARR from baseline to study end that was equal or greater than -5.41 ng/ dl/μU/ml, which was the lowest decline in the ARR after MR blocker treatment in the GECOH patients. Only 5 (10.5 %) out of 48 EPATH participants randomized to eplerenone had an ARR after treatment of ≥ 1.94 ng/dl/μU/ml, which was the lowest ARR after MR blocker treatment in the PA patients of the GECOH study. After eplerenone treatment, 21 (43.8 %) out of 48 EPATH participants had DRC ≤ 15.4 μU/ml, which is the lowest DRC level that was observed in the 4 PA patients from the GECOH study under ongoing MR blocker treatment.
During the revision of our manuscript, we included one PA patient from the Graz Endocrinology Register study with ARR measurements (by the same assays as in the EPATH trial) before and after starting MR blocker treatment. This PA patient who discontinued urapidil treatment after starting treatment with spironolactone, showed a significant decrease of the ARR from baseline (ARR: 7.59 ng/dl/μU/ml; PAC: 20.5 ng/dl; DRC: 2.7 μU/ml) to follow-up (ARR: 1.22 ng/dl/μU/ml; PAC: 48.1 ng/dl; DRC: 39.3 μU/ml).
Discussion
In the RCT in patients with pHPT we have shown that eplerenone treatment increases PAC and DRC without a significant effect on the ARR. In PA patients who were treated with MR blockers, the DRC increased to a much greater extent compared to PAC, leading to a significantly decreased ARR. When comparing the two patient cohorts it was shown that the decline in the ARR after MR blocker treatment was greater in all 4 PA patients than in any EPATH participant treated with eplerenone.
Our findings from the EPATH trial are in line with previous RCTs showing an increase of both, aldosterone and renin levels, in patients treated with MR blockers [16, 17, 22, 23] . In this context, two RCTs, one with spironolactone in 112 CKD stage 2/3 patients and another one with eplerenone in 341 hypertensive patients, both showed significantly increased renin and PAC after MR blocker treatment [16, 22] . In these RCTs, the effect sizes of approximately a doubling to tripling of renin and aldosterone are comparable to our EPATH study, but no previous RCT specifically reported on MR blocker effects on the ARR. The present data from the EPATH trial address this knowledge gap by demonstrating that eplerenone has no significant effect on the ARR in our cohort of patients with pHPT. By contrast, we observed in PA patients from the GECOH study that the ARR was significantly reduced by spironolactone or eplerenone treatment when comparing pre-and post-treatment values. This decrease in the ARR was mainly driven by the strong (approximately 7-fold) increase in DRC in parallel to only a moderate (less than 2-fold) increase in PAC. These data from the GECOH study are in line with some small previous observational studies showing particularly high renin levels in PA patients on MR blocker treatment [18, 20, 21] .
Pathophysiological mechanisms underlying our results are that renin production is increased by MR blocker treatment due to volume contraction and sympathetic nervous system stimulation [18] . In line with this, we observed a significant increase in DRC and PAC after MR blocker treatment in both analyzed studies, which confirms the validity and efficacy of our interventions. The striking dif-ference with regard to no change of the ARR in the EPATH study but a significant decrease in ARR in the GECOH study was mainly due to the extraordinary strong renin increase after MR blocker treatment in PA patients. This may hypothetically be due to the fact that in PA, the degree of renin suppression is mainly caused by absolute aldosterone excess whereas in patients without PA other factors that are likewise less responsible to MR blocker treatment may also play an important role in renin regulation. Therefore, when blocking aldosterone effects by eplerenone or spironolactone, the renin levels are significantly more affected in PA when compared to patients without PA.
Our findings have clinical implications, as they may suggest that absolute levels and changes of PAC and DRC as well as of the ARR in response to MR blocker treatment may be of some diagnostic value. Importantly, our results of the 4 PA patients (see ▶ Table 3 ) provide sound scientific evidence for the recommendation of the Endocrine Society Clinical Practice Guideline for the management of primary aldosteronism that when the ARR is determined under ongoing MR blocker treatment, a normal ARR along with a sup-▶Table 1 Baseline characteristics of the EPATH study participants. pressed renin, may be diagnostic for excluding PA [1] . More data on DRC, PAC and ARR in patients with and without PA under ongoing MR blocker treatment are, however, needed before using certain cut-offs of both, low DRC and low ARR, to exclude PA in such a setting in clinical routine. Nevertheless, this might improve future patient care because the possibility to exclude PA even under ongoing MR blocker treatment could prevent potentially harmful cessation of MR blockers for the purpose of PA diagnostics. It also bears mentioning that some reports suggest that in selected cases, subtype classification of PA (unilateral versus bilateral disease) by AVS may even be properly performed under ongoing MR blocker therapy, although we want to underline, that such an approach is currently not officially recommended for clinical routine [33] .
Characteristics All (n = 97) Eplerenone (n = 48) Placebo (n = 49) p-Value
Regarding subtype classification of PA it should also be mentioned that the diagnostic superiority of AVS versus computed tomography (CT) has been recently challenged, thus questioning the necessity of MR blocker discontinuation for differentiating unilateral versus bilateral disease in PA [34] . While this is still a matter of controversy, it should also be acknowledged that the recommended withdrawal time for MR blockers of 4 weeks before carrying out diagnostic evaluation for PA is based on rather limited evidence [1, 14] . This issue warrants further studies including investigations to evaluate whether shorter withdrawal periods are also feasible. Apart from this, it is also tempting to speculate that the profound response to MR blockers in our GECOH patients with regard to DRC and the ARR might be of diagnostic value as an alternative confirmatory test for PA. While this hypothesis needs further evaluation, we want to stress that in our work all PA patients had a greater decline in the ARR when compared to any EPATH patient randomized to eplerenone. We consider this finding as hypothesis generating being aware of the limitations of our work with regard to assay comparability, sample size and patient selection. Nevertheless, we strongly recommend further investigations on this topic. Moreover, it should also be emphasized that MR blockers are, apart from PA therapy, also considered and recommended as an effective third or fourth line therapy in essential hypertension and are an established treatment for heart failure [35] . Considering this along with the fact that it has not been clearly established that surgery of aldosterone producing adenomas is superior with regard to hard clinical endpoints compared to MR blocker treatment, it may for some patients with indications for PA diagnostics, be justified to remain on their MR blocker treatment without further diagnostic evaluation for PA [1, [36] [37] [38] .
As limitations of our work we have to acknowledge that participants from the EPATH study suffered from pHPT thus limiting the generalizability of our findings. Furthermore, due to the post-study analysis of the ARR in the EPATH trial, we did not perform additional confirmatory tests to exclude PA in participants with elevated ARR, and might thus have missed some undetected PA patients in that cohort. Other drawbacks of our work are the determinations of PAC and DRC in stored samples of the EPATH trial, and the low number of PA patients in the case series of the GECOH study [39] . Two patients in the GECOH study stopped beta-blocker intake after initiating MR blocker therapy and this clearly limits our findings because stopping beta-blockers significantly decreases the ARR. Furthermore, we did not study participants with aldosterone producing adenomas, in whom a particular strong aldosterone excess might be less sensitive to ARR changes by MR blocker treatment, and we used different assays in the two studies with therefore limited comparability. Main strengths are the validity of our PAC and DRC measurements as evidenced by the expected increase of these parameters after MR blocker treatment, and the fact that the data from the EPATH trial are the first to evaluate the effect of eplerenone on the ARR in a RCT. Furthermore, the previously reported excellent compliance and significant blood pressure reduction with eplerenone in the EPATH trial underscores the efficacy of this intervention [25] .
In conclusion, we have observed that MR blocker treatment had no significant effect on the ARR in pHPT patients, whereas it significantly decreased the ARR in PA patients, an effect that was driven ▶Table 2 Outcome variables at baseline and follow-up, and treatment effects of eplerenone in EPATH study participants. by a dramatic rise in DRC levels. Considering the relatively high prevalence of PA and the wide use of MR blockers we recommend further studies to evaluate (a) whether ARR response to MR blocker treatment may be useful as a diagnostic tool or even as a confirmatory test for PA, (b) evaluate whether certain cut-offs for both, low DRC and low ARR, can be established that allow exclusion of PA under ongoing MR blocker treatment, and (c) whether shorter withdrawal periods for MR blockers than the currently recommended 4 weeks are also accurate before performing PA diagnostics. Finally, we want to underline that our data are just hypothesis generating for future research but should not lead to any changes in clinical routine that deviate from current recommendations for the diagnostics of PA [1] . Group data are shown as means ± standard deviation; mean change from baseline (with 95 % confidence interval) was calculated by paired student's t-test; ARR: Aldosterone to Renin Ratio; PAC: Plasma Aldosterone Concentration; DRC: Direct Renin Concentration.
Characteristics
